The magnitude of damage to cerebral tissues following head trauma is determined by the primary injury, caused by the kinetic energy delivered at the time of impact, plus numerous secondary injury responses that almost inevitably worsen the primary injury. When head trauma results in a cerebral contusion, the hemorrhagic lesion often progresses during the first several hours after impact, either expanding or developing new, non-contiguous hemorrhagic lesions, a phenomenon termed hemorrhagic progression of a contusion (HPC). Because a hemorrhagic contusion marks tissues with essentially total unrecoverable loss of function, and because blood is one of the most toxic substances to which the brain can be exposed, HPC is one of the most severe types of secondary injury encountered following traumatic brain injury (TBI). Historically, HPC has been attributed to continued bleeding of microvessels fractured at the time of primary injury. This concept has given rise to the notion that continued bleeding might be due to overt or latent coagulopathy, prompting attempts to normalize coagulation with agents such as recombinant factor VIIa. Recently, a novel mechanism was postulated to account for HPC that involves delayed, progressive microvascular failure initiated by the impact. Here we review the topic of HPC, we examine data relevant to the concept of a coagulopathy, and we detail emerging data elucidating the mechanism of progressive microvascular failure that predisposes to HPC after head trauma.
Introduction
T raumatic brain injury (TBI) is the most disabling of traumatic injuries, often leading to lifelong physical, cognitive, behavioral, and emotional impairments (Langlois et al., 2006; Selassie et al., 2008; Thurman et al., 1999) . Nearly half of hospitalized survivors of TBI experience long-term disabilities Thurman et al., 1999; Zaloshnja et al., 2008) . The lifetime costs of TBI in the United States, including medical costs and costs due to lost productivity, total an estimated $60 billion annually, constituting one of the largest expenditures in the health care system (Langlois et al., 2006; Selassie et al., 2008; Thurman et al., 1999) . TBI encompasses numerous types of insults to the brain, with one of the most severe being a hemorrhagic cerebral contusion. TBI associated with cerebral contusion is a frequent cause of death and disability in trauma victims who reach the hospital alive (Alahmadi et al., 2010) . Excellent reviews on the natural history of cerebral contusions have been published (Alahmadi et al., 2010 ), but our purpose is different. Here we focus specifically on the phenomenon of hemorrhagic progression of a contusion (HPC), a secondary injury process that designates the enlargement or new appearance of a parenchymal hemorrhagic contusion due to delayed bleeding. Not only does HPC greatly exacerbate an already grave situation, but most frustrating to healthcare providers and patients, it does so during the several hours or early days after trauma when patients are already hospitalized. Ample opportunity would be available to intervene if proper intervention could be devised.
In this review, we begin by documenting the characteristic features of HPC. Then we examine two mechanisms that have been implicated in its development. First, we consider the conventional explanation, that an explicit or latent coagulopathy leads to continued or delayed bleeding of microvessels fractured at the time of primary injury. Next we consider a novel, recently discovered mechanism postulating that microvessels in the region of injury (penumbra) receive kinetic energy from the impact that is not sufficient to fracture them, but is sufficient to induce a series of maladaptive molecular events that eventually results in their structural failure, leading to delayed formation of petechial hemorrhages which then coalesce to produce hemorrhagic progression. Distinguishing between these two mechanisms is important, because the implications for treatment are quite different. For the first mechanism, treatment must be aimed at normalizing coagulation, whereas for the second, treatment must block the maladaptive molecular events in microvascular endothelial cells.
Primary versus secondary injury
Tissue damage after head trauma is due to primary injury plus secondary injury. Primary injury refers to the physical destruction of tissues that occurs within moments of impact. Kinetic energy deposited by the impact causes shearing of the tissues. The primary injury ruptures neurons, astrocytes, and oligodendrocytes, causing their immediate necrotic death. Necrotic cell death releases intracellular substances (e.g., excitatory amino acids and heat-shock proteins) that incite secondary injury responses. The primary injury also ruptures microvessels, causing extravasation of blood and the loss of function of those vessels, which leads to ischemia. Breakdown products of extravasated blood are extremely toxic to central nervous system (CNS) cells and also incite secondary injury responses.
Secondary injury responses are numerous (Table 1 ). All lead, more or less, to further tissue injury that worsens the primary injury. Many secondary injury responses are simply the natural consequence of primary tissue damage, such as the release of excitotoxic substances, free radical damage from blood breakdown products, and ischemia due to loss of microvessels. Other secondary injury responses are evolutionarily favored to accomplish useful functions, such as clearing tissue debris. Secondary injury due to the latter is said to be a ''bystander'' injury, or the unintended consequences of a process that is supposed to be beneficial but that mistakenly goes too far. The classic example is the inflammatory response, involving both endogenous (microglia) and exogenous (neutrophils and macrophages) cells. Neutrophils phagocytize cellular debris, serving to clear it, but in the process they release free radicals that harm otherwise normal cells nearby, inadvertently propagating tissue injury (Blight, 1992; Hampton et al., 1998; Ryter et al., 2007; Smith, 1994; Whitney et al., 2009) .
Contusive injury to the brain invariably is complicated by secondary injury due to microvascular dysfunction (Yokota, 2007) , which worsens with time and leads to growth or expansion of the primary lesion. Microvascular dysfunction has numerous causes and correlates, including endothelial swelling, vasoconstriction, vasospasm, and occlusion due to platelet and leukocyte aggregation and adhesion. Microvascular dysfunction leads to: (1) tissue ischemia due to impairment of blood flow; (2) the formation of vasogenic edema, which causes tissue swelling that further exacerbates ischemia; and (3) in the worst cases, loss of the structural integrity of surrounding microvessels, which results in expansion or progression of the hemorrhagic lesion, known as HPC. The extravasated blood from the primary contusion, the edema, and the additional extravasated blood resulting from HPC together produce mass effect, which compresses adjacent healthy tissues, and if unchecked, leads to further ischemia. Together, these processes raise intracranial pressure (ICP), may cause herniation syndromes, and may necessitate surgical decompression to prevent death.
Hemorrhagic progression of a contusion
On a computed tomography (CT) scan, a contusion generally appears as a hemorrhagic lesion, although sometimes injured tissues or part of a contusive lesion can appear normal (isodense) or as a hypodensity. A contusion is distinguished from a laceration by the fact that with a contusion, the pia mater remains intact. A contusion is distinguished from a hematoma by the fact that with a contusion, blood is intermixed with brain tissue.
When head trauma results in a contusion, the hemorrhagic lesion often expands or a new hemorrhagic lesion may develop remotely (non-contiguously) from the original contusion during the first several hours after impact ( Fig. 1 ; Alahmadi et al., 2010) . HPC is a phenomenon that was first appreciated at the dawn of the CT era (Gudeman et al., 1979) , and continues to be diagnosed best by CT.
HPC may be referred to by various terms, including delayed traumatic intracerebral hematoma (DTICH) (Gudeman et al., 1979) , progressive hemorrhagic injury (Oertel et al., 2002; Smith et al., 2007) , traumatic intracerebral hemorrhage (Narayan et al., 2008b) , or colloquially, as a contusion that has ''blossomed.'' Unfortunately, there is ambiguity in the literature. ''Delayed intracerebral hematoma'' or DTICH may refer to cases that present many weeks after injury, when delayed hemorrhage may be due to a traumatic intracranial aneurysm (Horiuchi et al., 2007; Hossain et al., 2002; Kaplan et al., 2003; McFeeley et al., 1988; Yang et al., 2007) . The term ''progressive hemorrhagic injury'' has been used to refer to progression of an epidural hematoma, subdural hematoma, intraparenchymal contusion or hematoma, or subarachnoid hemorrhage (Oertel et al., 2002) . Such broad usages are Lenzlinger et al., 2002; Morganti-Kossmann et al., 2002; Otto et al., 2002; Yatsiv et al., 2002; Lu et al., 2011; Hong et al., 2010 Excitotoxicity Yi and Metabolic derangements De et al., 2011 Lakshmanan et al., 2010; Scafidi et al., 2009; Marcoux et al., 2008; Vespa et al., 2005 Apoptosis/necrosis/ autophagy Shojo et al., 2010; Nakajima et al., 2010; Hoh et al., 2010; Yamashima and Oikawa, 2009; Itoh et al., 2010; Robertson et al., 2009; Luo et al., 2010; Luo et al., 2011; Liao et al., 2009 Ischemia Aoyama et al., 2008 Stiefel et al., 2005; Engel et al., 2005; Mendez et al., 2004; Buczek et al., 2002; Oertel et al., 2005 imprecise, and the molecular mechanisms responsible for progression in each case is likely to be different. To avoid ambiguity, here we adopt the term ''hemorrhagic progression of a contusion'' (HPC). By using this term, we convey two things: (1) our focus is on the traumatic cerebral contusion and its hemorrhagic progression; and (2) our goal is not simply to characterize the phenomenology of more blood on the CT scan, but to illuminate the process, the molecular mechanisms responsible for hemorrhagic progression. In our subsequent analysis, we use the term HPC where appropriate, and we add clarification in instances when the authors being reviewed did not make such a distinction.
In the earliest description, Gudeman and associates (Gudeman et al., 1979) reported on 12 cases of HPC in patients who were comatose. The interval from injury to diagnosis was within 48 h in 11 of the 12 cases; 6 patients had no decompressive surgery before the development of HPC; 4 patients had undergone decompressive surgery and then developed HPC on the contralateral side; 2 patients developed lesions in the vicinity of the operative site that were thought not to be the result of the operation.
In another early paper, Fukamachi and colleagues (Fukamachi et al., 1985) described two patterns of hemorrhagic progression (small or medium hemorrhages initially that later increased in size; a ''salt and pepper'' or ''flecked'' abnormality initially seen on CT that later changed to a high-density appearance), and pointed out that in cases with extra-and intracerebral hemorrhages, surgical treatment of an extracerebral hematoma may play a role in progression of the intraparenchymal component.
Servadei and co-workers (Servadei et al., 1995 ) identified a group of 22 patients admitted in coma who harbored hematomas that evolved into lesions requiring surgical removal. Fifteen of these patients had initial diagnoses of diffuse injury that evolved, whereas the remaining seven patients had already undergone surgery and developed new, non-contiguous, hemorrhagic lesions. This study reinforced the early observations of Gudeman and associates (Gudeman
FIG. 1. Hemorrhagic progression of a contusion (HPC). (A and B)
A 21-year-old female pedestrian struck by a motor vehicle had a computed tomography (CT) examination performed within 2 h of trauma, and a repeat CT examination 6 h later. Note the expansion of the right frontal contusion. (C and D) A 44-year-old male motorcyclist involved in a collision had a CT examination performed within 2 h of trauma, and a repeat CT examination 5 h later, immediately following decompressive craniectomy and evacuation of a left temporal lobe hematoma. Note the appearance of a new hemorrhagic lesion at a remote location marked by a hypodensity on the initial scan (arrows). et al., 1979) , and of Fukamachi and colleagues (Fukamachi et al., 1985) , that HPC frequently continues after craniotomy. That HPC frequently continues after craniotomy also is noted in more recent literature (Aarabi et al., 2009 ).
Oertel and co-workers (Oertel et al., 2002 ) performed a retrospective study of patients who underwent two CT scans within 24 h of head injury. Their study examined progression of all hemorrhagic lesions, including epidural, subdural, subarachnoid, and intraparenchymal (contusion) hemorrhages. Overall, they found that early progression of hemorrhage occurs most frequently in contusions, with a likelihood of 51%. They also observed that about half of the patients who underwent craniotomy after the first CT scan later showed evidence of hemorrhagic progression, in accord with the aforementioned study by Servadei and associates (Servadei et al., 1995) .
In a prospective study, Narayan and colleagues (Narayan et al., 2008b) demonstrated that hemorrhage expansion between the baseline and 24-h CT scans occurred in over 50% of subjects who presented with traumatic hemorrhagic lesions 2 mL or larger. They also found that while small hemorrhagic lesions may expand, lesions that were larger at baseline tended to have substantially greater increases, with an associated greater likelihood of clinical impact.
Alahmadi and associates (Alahmadi et al., 2010 ) performed a retrospective review of patients with brain contusions who initially underwent non-operative treatment, defining patients with significant progression as those with a 30% or more increase in contusion size on CT scan (progression on CT scans could result from expansion of the hematoma, the appearance of perihematoma hypodensity, or development of new lesions that were not present on initial scans). Of 98 patients, 44 (45%) had significant progression on CT, and 19 (19%) required decompressive surgery. They also determined that patients with large contusions and low initial Glasgow Coma Scale (GCS) scores were at greater risk for delayed deterioration.
HPC may be detected on CT scan even in cases of mild head injury. In two studies (Sifri et al., 2004 (Sifri et al., ,2006 ), Sifri and colleagues found that progression was evident on follow-up CT in almost half of patients with an intracranial hemorrhage and a worsening neurologic status (contusive injuries comprised the majority of their intracranial hemorrhages). Moreover, even in cases in which patients did not show neurological deterioration, up to 15% still showed evidence of progression of an intracerebral hemorrhage.
From the foregoing, it is evident that a contusion on the admission CT scan should be a cause for vigilance regarding possible HPC. A traumatic subarachnoid hemorrhage (tSAH) may be similarly predictive (Chieregato et al., 2005; Fainardi et al., 2004) . In their prospective study of tSAH, Chieregato and associates (Chieregato et al., 2005) found that 60% of patients with tSAH exhibited HPC on follow-up CT. Of patients who had any CT progression, 20% presented with entirely new contusions, and 80% had a doubling of contusion volumes on follow-up CT. Independent factors associated with significant CT progression were the amount of tSAH and the presence or volume of brain contusions at admission. HPC was associated with poor clinical outcomes.
The aforementioned reports represent a sampling of the available articles on HPC. Other studies have contributed to our understanding of this phenomenon (Allard et al., 2009; Chang et al., 2006; Compagnone et al., 2009; Diaz et al., 1979; Patel et al., 2000; Servadei et al., 2000a; Smith et al., 2007; Stein et al., 1992 Stein et al., ,1993 Tian et al., 2010; Tseng, 1992; Wang et al., 2006; Young et al., 1984) . Together, these studies permit some important generalizations about HPC:
Approximately half of patients with contusions demonstrate HPC on serial CT scans. HPC may involve not only the expansion of existing contusions, but the delayed appearance of noncontiguous hemorrhagic lesions. HPC is equally common without surgery and after decompressive craniectomy. HPC is equally common in cases with tSAH. The earlier after injury that the initial CT scan is obtained, the greater the likelihood that HPC will be found on a subsequent scan. HPC generally occurs within the first 12 h, but may occur as late as 3-4 days after head trauma. Small contusions that progress are usually clinically silent and are unlikely to require surgical decompression (Smith et al., 2007) . Large contusions in patients with low initial GCS scores are likelier to progress and often require surgical decompression.
Why is HPC bad?
Edema formation and HPC are both manifestations of microvascular dysfunction, but there is a critically important distinction: one is associated with potentially reversible injury, whereas the other is associated with almost certain irreversible harm. Disregarding the underlying cause that induces formation of edema (e.g., ischemia or hemorrhage), the effects of edema per se are reversible, at least in principle, if treatment is early and sufficient (e.g., by osmotherapy or decompression; Engel et al., 2008; Zweckberger et al., 2006) . This is not the case with HPC. Contused tissues consist of blood intermixed with brain tissue. For over a century, neuropathologists have recognized that extravasated blood is exquisitely toxic to brain cells, and that the presence of blood generally is associated with necrosis of intermixed CNS tissues (hemorrhagic necrosis; Ramon y Cajal, 1991). In addition, a hemorrhagic contusion inevitably results in the formation of edema, further contributing to the mass of extravasated blood (Engel et al., 2008; Zweckberger et al., 2006) .
A hemorrhagic contusion on CT scan demarcates tissues with essentially total, unrecoverable loss of function. The volume and location of a hemorrhagic contusion observed during the acute phase after head trauma predicts the volume and location of dysfunctional tissue that will exist after recovery. The predictive power of the CT scan in contusive head trauma resembles the predictive power of diffusion weighted imaging (DWI) on magnetic resonance imaging (MRI) in stroke; although the two are not equivalent, both identify tissues that are essentially irretrievably lost.
This pessimistic assessment of pathology is corroborated by clinical experience. Although not universal (Gudeman et al., 1979) , a large number of studies suggest that the development of HPC is associated with a worse clinical course and higher rates of mortality (Allard et al., 2009; Chieregato et al., 2005; Nelson et al., 2010; Oertel et al., 2002; Servadei et al., 2000b; Stein et al., 1992 Stein et al., ,1993 Tian et al., 2010) . In the 22 KURLAND ET AL.
study by Stein and associates (Stein et al., 1993) , delayed injury was associated with higher mortality, slowed recovery, and poorer outcome at 6 months; the authors concluded that HPC is associated with dramatically worse outcomes for each category of initial injury severity. Servadei and colleagues (Servadei et al., 2000a) found that when the initial CT scan demonstrated a diffuse injury without swelling or shift, evolution to a mass lesion was associated with a statistically significant increase in the risk of an unfavorable outcome (62% versus 38%). In the study by Chieregato and co-workers (Chieregato et al., 2005) , patients who experienced significant progression of their lesion had a significantly higher risk of an unfavorable outcome (32% versus 10%). Allard and associates (Allard et al., 2009) found that progression was associated with a fivefold higher risk of death (32% versus 8.6%). Thus, HPC is detrimental because it results in irrevocable loss of brain tissue that was ostensibly intact immediately following the primary injury. Even in patients in whom HPC is not fatal, there is significant likelihood of increased morbidity. HPC is a progressive, secondary injury that occurs relatively late after trauma, and almost invariably occurs while under medical care. As such, it may be preventable if underlying molecular mechanisms can be identified so that appropriate treatments can be applied.
Coagulopathy in TBI
Historically, HPC has been attributed to continued bleeding of microvessels fractured at the time of primary injury. This concept has given rise to the notion that continued bleeding might be due to an overt or latent coagulopathy (Van Beek et al., 2007) . In the TBI literature, coagulopathy is often broadly defined as any perturbation in a patient's coagulation parameters, and may include a prolongation of the prothrombin time (PT), an elevation of the International Normalized Ratio (INR), an elevation of the activated partial thromboplastin time (aPTT), or a decrease in the platelet (PLT) count (Engstrom et al., 2005) .
Depending on the severity of injury, time of testing, sensitivity of clotting tests, and the specific parameter being measured, the incidence of clotting abnormalities in TBI patients is reported to vary from 15-100% (refer to Stein and Smith, 2004 for an excellent review). More recent studies of isolated severe TBI by Lustenberger and colleagues (Lustenberger et al., 2010a (Lustenberger et al., ,2010b found that up to 45% of these patients become coagulopathic, a finding that is in accord with a meta-analysis of 34 studies done by Harhangi and associates (Harhangi et al., 2008 ; weighted average of 32.7%). Coagulopathy can develop up to 5 days after injury, and the incidence appears to be linearly correlated with increasing severity of injury (Lustenberger et al., 2010a (Lustenberger et al., ,2010b Sun et al., 2011) .
The exact mechanisms that account for coagulopathy in TBI have not been fully elucidated, and disagreements persist as to the cause (Cohen et al., 2007; Halpern et al., 2008) . Tissue factor (tissue thromboplastin) is abundant in the brain (Astrup, 1965) , and may be released in large quantities following trauma. Diffuse activation of the extrinsic coagulation pathway may lead to disseminated intravascular coagulation (DIC). Subsequent consumption of clotting factors may underlie a bleeding diathesis. Other explanations have been offered, noting that coagulopathy is more likely to occur when both tissue injury and hypoperfusion are present, with the protein C pathway perhaps playing an important role (Cohen et al., 2007) .
Mechanisms aside, surgeons fear coagulopathy because of the perceived risk of hemorrhage. Although coagulopathy after TBI has long been recognized to be a non-specific indicator of poor prognosis (Greuters et al., 2011; Harhangi et al., 2008; Stein et al., 1992; Wafaisade et al., 2010) , review of the literature does not support a simple causative relationship between coagulopathy and progressive delayed hemorrhage. A comparison of the incidence of HPC and related outcomes in patients with or without coagulopathy is instructive.
Abnormal coagulation
Elevated PT/INR. The reported incidence of an elevated PT or INR in the context of TBI varies widely. A recent study of moderate and severe TBI by Carrick and colleagues (Carrick et al., 2005) reported an incidence of 5%, but a metaanalysis (Van Beek et al., 2007) of data from the large IMPACT study found an overall incidence of 26%. Several studies have reported on PT measurements and the incidence of HPC. Tian and co-workers (Tian et al., 2010) observed that only 7.4% of the patients who showed progressive injury on CT had an elevated PT. An earlier study by Stein and associates (Stein et al., 1992) observed that of the patients who exhibited progression on CT, only 31% had an abnormal PT (65% of the patients who exhibited progressive injury had either an intracerebral hematoma or contusion). A widely cited report by Oertel and colleagues (Oertel et al., 2002) , in which serial coagulation tests were obtained, found that 57% of patients who had elevated PT on a first coagulation panel exhibited progression on CT, and 60% who had elevated PT on a second coagulation panel did not exhibit progression (66% of patients presented with an intraparenchymal lesion). Engstrom and co-workers (Engstrom et al., 2005) found no difference in PT values at any time between groups that would or would not later develop HPC (HPC represented 18/19 cases in this report). Additionally, Allard and associates (Allard et al., 2009) observed that 42% of patients with normal INR values showed evidence of HPC (HPC accounted for 89% of all instances of lesion progression). Thus while the statistical association of elevated prothrombin times with HPC cannot be refuted, it is evidently not reliably causative.
Elevated aPTT. Abnormalities in aPTT occur with an overall frequency of 1-30% in TBI patients (Allard et al., 2009; Carrick et al., 2005; Oertel et al., 2002; Stein et al., 1992; Tian et al., 2010) . Some of the variability is due to differences in injury severity, time of testing, and definitions of elevated laboratory values (Oertel et al., 2002) . Several studies reported data relating HPC and elevated aPTT values. Allard and colleagues (Allard et al., 2009 ) observed that while all their patients with abnormal aPTT (7% of patients studied) experienced progression of hemorrhagic injury on CT, 48% of patients with normal aPTT values also showed evidence of HPC. Of the 194 patients studied by Tian and co-workers (Tian et al., 2010) , only 4.9% of those who had lesion progression also had abnormal aPTT. Oertel and associates (Oertel et al., 2002) observed that 3.4% of the patients who progressed on follow-up CT had an elevated aPTT (2 out of 58), and furthermore, out of all of the patients who had elevated aPTT, either on the first or second coagulation panel (203 patients), only 5.4% would later exhibit lesion progression. Engstrom and colleagues (Engstrom et al., 2005) found no difference in aPTT values at any time between groups that would or would not later develop HPC. And in the study by Stein and co-workers (Stein et al., 1992) , of all the patients who exhibited lesion progression on CT, only 12% had an elevated aPTT. Although statistically associated, elevated aPTT in TBI patients accounts for a very small proportion of patients who will exhibit HPC.
Thrombocytopenia. The comprehensive meta-analysis of the IMPACT study data by Van Beek and associates (Van Beek et al., 2007) calculated that thrombocytopenia occurs in 7% of TBI patients upon admission, but this value appears to be variable and highly dependent on when the test is performed (Carrick et al., 2005; Oertel et al., 2002) . Engstrom and colleagues (Engstrom et al., 2005) found no statistical difference in initial PLT count between groups of patients that would or would not exhibit HPC (in fact, less than half of the cohort that would later show progressive hemorrhage had low PLT count upon admission). Allard and associates (Allard et al., 2009 ) observed that while 91% of patients with a low PLT count progressed, 44% of patients with a normal PLT count also progressed. In the study by Tian and co-workers (Tian et al., 2010) , the authors found that only 13.6% of patients with lesion progression had an abnormal PLT count. Oertel and associates (Oertel et al., 2002) observed that 50% of patients who had an abnormal PLT count on either coagulation panel did not exhibit progressive injury. In the report by Stein and colleagues (Stein et al., 1992) , only 11% of the patients with evidence of hemorrhagic progression had an abnormal PLT count. Some of these studies documented correlations and associations between low PLT count and outcome, but this is not always the case; it may be that platelet dysfunction is more important than overall platelet count when determining risk factors for TBI patients (see Nekludov et al., 2007) . Nonetheless, it appears that up to 90% of patients who will develop progression of a hemorrhagic injury may not present with abnormalities in PLT count.
Any coagulopathic parameter. As noted above, coagulopathy (by any measure) is reported to occur with some variability upon admission (Lustenberger et al., 2010a; Wafaisade et al., 2010; Zehtabchi et al., 2008) , and may increase in the days following injury (Carrick et al., 2005; Greuters et al., 2011) . The aforementioned meta-analysis of 34 studies by Harhangi and associates (Harhangi et al., 2008) reported an overall prevalence of 32.7%. Smith and colleagues (Smith et al., 2007) found that coagulopathy at admission was not associated with HPC in their study (HPC accounted for 92% of the incidences of progressive lesions), and out of the 38 patients with HPC in the report by Patel and colleagues (Patel et al., 2000) , only 2 (5.2%) were coagulopathic. Servadei and co-workers (Servadei et al., 1995) found that while only 16% of their patients were coagulopathic, over 35% were observed to deteriorate clinically. Kaups and associates (Kaups et al., 2004) observed that 73% of patients who had a progression on follow-up CT were not coagulopathic, and furthermore, 65% of coagulopathic patients had unchanged or even improved follow-up CT scans. An influential study by Stein and colleagues (Stein et al., 1993) noted that over 40% of patients that exhibited radiological evidence of delayed cerebral injury did not have an abnormality in any coagulation measurement. Allard and co-workers (Allard et al., 2009 ) observed that evidence of a progressive lesion was present in 80% of patients who had any abnormal coagulation parameter; however, they also noted that 36% of non-coagulopathic patients developed HPC.
Thus, a large percentage of patients who develop HPC may not have clotting abnormalities, and conversely, many patients with coagulopathy will not develop HPC. We can reasonably conclude that the relationship between HPC and measurable coagulopathy, while clinically useful, is not one of simple cause and effect.
Recombinant factor VIIa (rFVIIa)
The potential involvement of coagulopathy, latent or otherwise, has prompted attempts to reverse such coagulopathy with agents such as recombinant factor VIIa.
Zaaroor and associates (Zaaroor et al., 2008) studied the safety of rFVIIa in 12 patients with severe TBI who had no underlying coagulopathy, but were considered to be at increased risk for lesion progression. There was limited success with respect to halting lesion progression, but since this study was small and not controlled, few conclusions could be drawn.
Narayan and associates (Narayan et al., 2008a ) conducted a prospective dose-escalation trial of rFVIIa in traumatic intracerebral hemorrhage (ICH). They found that 15-day mortality rates were identical for the placebo and rFVIIa-treatment groups. The most frequent cause of death was the TBI (e.g., hematoma expansion and brain herniation) in all treatment groups. Critically, they found that there was no significant difference in rates of lesion progression between the placebo group and the rFVIIa group, at any dose. Also of note, in the placebo group, HPC occurred in 25% of coagulopathic patients versus 33% of non-coagulopathic patients.
A comprehensive review of randomized clinical trials for hemostatic therapy was carried out by Al-Shahi and associates (Al-Shahi, 2009 ). This review focused on non-traumatic ICH, not TBI, but it is most informative. The authors found that rFVIIa did not significantly reduce 90-day morbidity or mortality rates. Also, there was a trend toward increased serious thromboembolic events in patients who received rFVIIa. Radiological progression could not be meta-analyzed due to differences in outcome measurement between trials, but all of the studies analyzed suggested potential adverse effects of hemostatic therapy.
Reviewing the available randomized clinical trials of rFVIIa in TBI specifically, Perel and colleagues (Perel et al., 2010) concluded that ''there is no reliable evidence from randomized controlled trials to support the effectiveness of hemostatic drugs in reducing mortality or disability in patients with TBI.'' The weak association between coagulopathy and HPC or other progressive hemorrhagic lesions is apparently well recognized, as reflected by the fact that only a small number of studies have examined hemostatic therapy in patients with TBI. While there remains a desire by some for additional large-scale, controlled trials on the efficacy of rFVIIa in TBI, such trials may be difficult to justify. It may be that a specific subpopulation of patients would benefit from hemostatic therapy following TBI (see Zaaroor et al., 2008) , but this remains speculative.
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Progressive microvascular failure leading to HPC Although evident, it is useful to recall that coagulopathy per se does not cause hemorrhage into the brain; microvessels first must be fractured or otherwise opened to allow extravasation of blood. Patients without head trauma are routinely anticoagulated for a variety of reasons and generally do not bleed into their brains (annual risk, 0.3-1.0%; Flaherty, 2010) . Headinjured patients often develop new hemorrhagic lesions hours after trauma in regions where there was no blood on the initial CT scan (Fig. 1D) . As reviewed above, delayed hemorrhage can occur in a context of either normal coagulation or a coagulopathy, each occurring about half of the time. What is the source of the new hemorrhage? For delayed hemorrhage to occur, either microvessels must have been fractured at the time of impact, even though they showed no evidence of bleeding initially, or microvessels not fractured at the time of impact must finally be opened, hours after the impact, to allow extravasation of blood. Recent findings indicate that the latter scenario prevails (Patel et al., 2010; Simard et al., 2009b) . Importantly, these new findings are based on the study of early cellular and molecular events that occur in microvessels after impact injury to the cortex in animal models of contusive injury that accurately replicate HPC (Fig. 2) .
When kinetic energy from a focal impact is delivered to the surface of the brain, the energy is distributed within the viscoelastic tissues in a three-dimensional gaussian-like distribution, with the epicenter receiving the peak energy, and surrounding regions receiving progressively less energy with distance, both laterally and deep. For heuristic purposes, we divide the three-dimensional continuum from the epicenter outward into three distinct regions: (1) a volume of initial contusion; (2) a ''shell'' of penumbra surrounding the contusion; and (3) a ''shell'' of para-penumbra surrounding the penumbra (Fig. 3A) . In all three regions, enough kinetic energy is deposited to have important biological consequences. Outside of the para-penumbra, the energetic disturbance is minimal and of little biological consequence. (Note that this idealized description of energy distribution applies best to a lissencephalic cortex subjected to a laboratory-controlled focal impact; the gyrencephalic human brain subjected to typical head injury is expected to exhibit complex distortions in the three-dimensional shapes of our idealized volume and shells.)
In the case of a typical contusion, sufficient energy is deposited near the epicenter of the impact to shear tissues and fracture microvessels, resulting in an immediate hemorrhagic lesion-the initial contusion (Fig. 3A) . In the penumbra-the shell of tissue surrounding the contusion-the amount of energy deposited is not enough to shear tissues and fracture microvessels, but it is enough to activate mechanosensitive molecular processes, most importantly in microvessels, thereby initiating a series of events that later will lead to the delayed catastrophic structural failure of microvessels, or HPC (Simard et al., 2009b) . In the para-penumbra-the shell of tissue surrounding the penumbra-the amount of energy deposited is not enough to lead to HPC, but it is enough to initiate other, more subtle mechanosensitive events that will lead eventually to neuronal apoptosis (but not hemorrhage) (Patel et al., 2010) . Alternatively, in cases in which a hemorrhagic contusion is not apparent initially, the contused epicenter may be thought of as being vanishingly small. However, as in the scenario above, the region surrounding the epicenter still receives enough kinetic energy to activate mechanosensitive molecular processes in microvessels that later will lead to the delayed catastrophic structural failure of microvessels, resulting in the delayed appearance of a new hemorrhagic contusion.
The vascular system of the brain, including both vascular smooth muscle cells and endothelial cells in larger vessels and in microvessels, is exquisitely mechanosensitive. Numerous signaling pathways involving integrins, ion channels, and transcription factors contribute to this mechanosensitivity. Here we focus on two transcription factors, specificity protein 1 (Sp1) and nuclear factor-jB (NF-jB), both of which are mechanosensitive (Abumiya et al., 2002; Davis et al., 2004; Korenaga et al., 2001; Verstraeten et al., 2010; Yun et al., 2002) , and both of which play key roles in transcriptional regulation of sulfonylurea receptor 1 (Sur1) (Simard et al., 2006 (Simard et al., ,2009a . Sur1 forms the regulatory subunit of the NC Ca-ATP channel, which has been implicated in microvascular dysfunction, including edema formation and HPC (called ''progressive secondary hemorrhage'' in the original articles) following CNS ischemia and trauma (Simard et al., 2006 (Simard et al., , 2007 (Simard et al., , 2008 (Simard et al., , 2009a . Notably, transcriptional events initiated by transcription factors require a long time, typically hours, to play out, providing a rational molecular explanation for the seemingly long interval between impact and the delayed development of new hemorrhages that characterize HPC.
The essential features of the molecular events initiated at the time of impact, which set the stage for later structural failure of microvessels, were described only recently (Patel et al., 2010; Simard et al., 2009b) . The sequence begins with activation of the two mechanosensitive transcription factors, Sp1 and NF-jB, by the kinetic energy deposited in the   FIG. 3 . Distribution of kinetic energy and nuclear translocation of transcription factors after focal impact. (A) Hematoxylin and eosin-stained coronal section of a rat brain 24 h after impact injury, showing three idealized regions: (1) the initial contusion (the size was estimated from animals sacrificed 15 min after impact); (2) the surrounding penumbra, where delayed capillary fragmentation occurs due to molecular events initiated at the time of impact in mechanosensitive microvessels; and (3) the para-penumbra, where hemorrhage is not observed, but where delayed cell death occurs due to molecular events initiated at the time of impact in mechanosensitive neurons. Immunolabeling of penumbra (B and D), and para-penumbra (C and E), for the transcription factors p65, a subunit of nuclear factor-jB (NF-jB; B and C), and specificity protein 1 (Sp1; D and E). In each section, the nuclei are stained with 4,6-diamino-2-phenylindole (DAPI) (blue), and the secondary antibody used to detect the transcription factor is labeled with Cy3 (red), so that nuclear localization is indicated by pink nuclei. Note that Sp1 nuclear localization is found in both the penumbra and the para-penumbra, whereas p65 nuclear localization is found only in the penumbra. The impact used for this experiment was of less magnitude than the one used for the experiment in Figure 2 , accounting for the absence of hemorrhage in the hippocampus. From Patel et al. 2010. 26 KURLAND ET AL.
penumbra by the impact (Fig. 3B and D) . Sp1 and NF-jB (p65), which are directly linked to Sur1 transcription, are activated and undergo nuclear translocation within moments of the impact. A few hours later, microvessels in the same region begin exhibiting newly-expressed Sur1 (the pore-forming subunit of the channel has not yet been studied). Transcriptional upregulation followed by opening of the Sur1-regulated channel has been linked to oncotic cell swelling and oncotic (necrotic) cell death of neurons, astrocytes, and endothelial cells (Chen and Simard, 2001; Chen et al., 2003; Simard et al., 2006) . Oncotic (necrotic) death of endothelial cells results in physical disruption of the capillary, termed capillary fragmentation. Immunolabeling of penumbral tissues shows foreshortened, broken segments of capillaries in penumbral regions where hemorrhages develop ( Fig. 4 ; Simard et al., 2009b) . Capillary fragmentation leads to the extravasation of blood-the formation of a petechial hemorrhage. Over the 12 h after injury, petechial hemorrhages continue to form, grow in number, and coalesce, resulting in progressive accumulation of extravasated blood, or HPC. An overview of some of the molecular events thought to transpire in penumbral capillaries, from impact to capillary fragmentation leading to HPC, is depicted in Figure 5 . In animal models of contusive TBI, HPC (or progressive secondary hemorrhage) is blocked by administering antisense oligodeoxynucleotide directed against Abcc8, the gene that encodes Sur1 (Simard et al., 2009b) . Also, this process is eliminated by administering the potent Sur1 inhibitor glibenclamide. As a result, the volume of hemorrhage shows only a minimal increase beyond that associated with the primary hemorrhage, and the volume of the lesion with hemorrhagic necrosis is limited to that due to the primary injury; there is no HPC.
In the para-penumbra that surrounds the penumbra, only Sp1 is activated, NF-jB is not ( Fig. 3C and E ; Patel et al., 2010) .
FIG. 4. Delayed capillary fragmentation accounts for hemorrhagic progression of a contusion (HPC). (A and B)
Brain sections 24 h after impact injury from rats treated with vehicle (CTR) or with glibenclamide (GLIB), immunolabeled for vimentin to identify microvessels. The regions shown are of the penumbra outside the initial contusion. Note the foreshortened fragmented capillaries in the vehicle-treated rat (A) compared to the elongated capillaries seen in the glibenclamide-treated rat (B). (C) Histogram of capillary length in vehicle-versus glibenclamide-treated rats (3 rats per group; **p < 0.01). From Simard et al., 2009b. FIG. 5 . Schematic representation of the essential molecular events in the penumbra that are believed to account for hemorrhagic progression of a contusion (HPC). Kinetic energy from the impact is deposited in penumbral microvessels, resulting in activation and nuclear translocation of the mechanosensitive transcription factors specificity protein 1 (Sp1) and nuclear factor-jB (NF-jB). As a result, transcription of sulfonylurea receptor 1 (Sur1)-regulated NC Ca-ATP channels ensues in endothelial cells. Hours later, after the newly-expressed channels have been inserted into the plasmalemmal membranes of endothelial cells and have become activated, the endothelial cells undergo oncotic (necrotic) cell death, resulting in capillary fragmentation and formation of petechial hemorrhages, thereby accounting for HPC (RBC, red blood cell).
In the para-penumbra, delayed hemorrhage is not observed. However, mechanosensitive Sp1 upregulates transcription of Sur1 and of another cell death protein, caspase-3, in neurons but not in microvessels. In the para-penumbra, neurons with Sp1 nuclear localization later exhibit cleaved caspase-3, consistent with apoptosis, and they undergo degeneration marked by Fluoro-Jade staining.
Following TBI, ischemia due to microvascular failure (endothelial swelling, vasoconstriction, and vasospasm), or microvascular occlusion (platelet/leukocyte aggregation/adhesion) contributes significantly to the overall injury. Notably, the ischemic environment surrounding a contusion may amplify HPC. Upregulation of Sur1 with expression of the Sur1-regulated NC Ca-ATP channel also occurs following ischemia, but in this case, the transcriptional mechanism involves hypoxia inducible factor-1 (Hif-1) working via Sp1 (Simard et al., 2006) . Hypoxia-sensitive transcription of Sur1 thus reinforces mechanosensitive transcription of Sur1. Hypoxia/ischemia is a common occurrence in brain regions surrounding a contusion (Dietrich et al., 1998; Engel et al., 2008; Longhi et al., 2007) , further emphasizing the important role of Sur1 in contusive brain injury.
Conclusion
Functional outcome after TBI is determined largely by the location of the cerebral injury and by the final volume of irreversible tissue damage sustained. Tissue damage is determined by the magnitude of the primary injury that is sustained at the time of impact plus multiple secondary injury responses that inevitably worsen the primary injury. Arguably, one of the most important secondary injury mechanisms is HPC. Once blood is extravasated, involved tissues are doomed to hemorrhagic necrosis. Most frustrating, HPC occurs in a delayed fashion, hours after patients come under medical care, suggesting that there should be time to act to prevent this dreadful phenomenon from occurring. There is an urgent need to develop better treatment strategies to minimize HPC, something that will be feasible only with a better understanding of the underlying molecular mechanisms responsible. The identification of the molecular events detailed above that occur in the penumbra constitutes just the beginning of a long journey to unravel the mysteries of progressive microvascular failure initiated by impact injury. Such discoveries hold promise that future efforts will reveal the long-sought solution to the enormous problem of HPC.
